The purpose of this investigation was to determine the severity of pure restrictive ventilatory impairment that results in right ventricular (RV) dilatation, increased RV wall thickness, and pulmonary hypertension. Two dimensional (2-D) echocardiography, Doppler measurements of pulmonary flow, and spirometry were performed on 26 unselected patients (17 female, 9 male) with a pure restrictive ventilatory impairment. A restrictive ventilatory impairment was defined as a forced vital capacity (FVC) .80 percent predicted with a normal FEVI/FVC ratio (FEV1=1 s forced expiratory volume). The patients were grouped according to the severity of the restrictive ventilatory defect: mild (FVC, 65 to 80 percent predicted), moderate (FVC, 51 to 64 percent predicted), and severe (FVC '50 percent predicted). An increased RV area (>20.4 cm2) was shown in 0 of 10 (0 percent) patients with a mild impairment, 6 of 12 (50 percent) patients with moderate restriction, and 2 of 4 (50 percent) patients with severe restriction. Increased RV wall thickness (>0.5 cm) was observed in 0 of 10 (0 percent) patients with a mild restrictive impairment, 3 of 12 (25 percent) with moderate impairment, and 1 of 4 (25 percent) with severe restrictive imoncern in patients with occupational pleuropulmonary disease that there might be subtle and unsuspected abnormalities of the right ventricle prompts a need for a determination of the likelihood of right ventricular enlargement based on the severity of the ventilatory defect. The purpose of this study, therefore, was to investigate in patients with a pure restrictive ventilatory impairment the severity of the ventilatory defect associated with right ventricular enlargement and pulmonary hypertension. 
oncern in patients with occupational pleuropulmonary disease that there might be subtle and unsuspected abnormalities of the right ventricle prompts a need for a determination of the likelihood of right ventricular enlargement based on the severity of the ventilatory defect. The purpose of this study, therefore, was to investigate in patients with a pure restrictive ventilatory impairment the severity of the ventilatory defect associated with right ventricular enlargement and pulmonary hypertension.
METHODS
Twenty-six patients with pure restrictive ventilatory defects, defined as a forced vital capacity (FVC) 
Echocardiography
All patients underwent a 2-D echocardiographic and M-mode studies of the left and right ventricle using a phased-array echocardiographic system (Hewlett-Packard 500). Images were obtained in the parasternal long axis, parasternal short axis, and tThree patients with interstitial lung disease also had morbid obesity.
1One scoliosis surgically corrected, two uncorrected. §Also postthoracotomy chest wall restriction.
apical four-chamber views with the patient in the left lateral decubitus position. Images were also obtained in the short axis view at the aortic valve level. All the images were stored on a VHS videotape using a video recorder (Panasonic). For each study, gain settings and gray scale were optimized to ensure the endocardial borders were clear for planimeterization. Because endocardial definition is influenced by the focal line and center line frequency of the imaging transducer, the highest frequency that allowed adequate penetration was used to optimize the images obtained in each patient.' Right ventricular area was mapped on the screen after identification of the blood endocardial interface of the right ventricle. The right ventricular area was calculated by planimetry from the apical four-chamber view at end-diastole.2 The end-diastolic frame was identified as the instant of the onset of the electrocardiographic QRS complex or as the video frame at or before the initial systolic coaptation of the mitral valve.' The right ventricle was considered to be enlarged if the right ventricular area was >20.4 cm2.2
Right ventricular wall thickness was measured from the M-mode echocardiographic tracings of the parasternal long axis view. The distance from the epicardium to the endocardium of the right ventricle was taken to be the thickness of the right ventricular free wall. Right ventricular wall thickening was considered to be present when the right ventricular wall was >0.5 cm3.
Left ventricular ejection fraction was calculated on the basis of ventricular volumes calculated by the single plane area length method using the apical four-chamber view.' Left ventricular dimensions in diastole were measured from the apical fourchamber view. Left ventricular wall thickness was measured from the parasternal long axis view.
The pulsed Doppler waveform in the main pulmonary artery was obtained by placing the Doppler sample volume above the pulmonary valve away from the walls of the main pulmonary artery.4 Doppler wave forms were printed on chart paper that also included a continuous electrocardiographic tracing. The acceleration time (ACT) was measured from the onset of pulmonary velocity to the peak of velocity. 4 The ejection time (ET) was measured from the onset of the pulmonary velocity to the end of the pulmonary velocity. 4 An ACT/ET ratio of <0.32 was considered to be indicative of pulmonary hypertension.4
Spirometry
All patients underwent spirometry on the same day as their echocardiographic study. The spirometric tracings were obtained using a benchmark pulmonary function testing system (P.K. Morgan Corp, Andover, Mass) or a pulmonary function testing system (Medical Graphics model 1070, Medical Graphics Corp, St. Paul, Minn). The tracings were obtained with the patients in the sitting position and the best of three tracings was used for analysis. Lung volumes were expressed as percent predicted for the patient's age, height, and sex. An FVC .80 percent predicted and a normal FEV,/FVC ratio were considered indicative of a pure restrictive ventilatory impairment. The patients were grouped according to the FVC percent predicted as follows: mild restriction (FVC, 65 to 80 percent predicted), moderate restriction (FVC, 51 to 64 percent predicted), and severe restriction (FVC .50 percent predicted) ( Table 2) .
Statistical Analysis
The strength of the linear relationships was estimated by Pearson correlation coefficients and their 95 percent confidence intervals (CIs). Unpaired Student's t tests were used to compare continuous variables among patients with mild, moderate, and severe restrictive defect. A Bonferroni correction for multiple comparisons was applied. A probability of p<0.01 was considered significant. patients with a severe restrictive defect had increased right ventricular wall thickness. Right ventricular wall thickness correlated weakly with the ACT/ET ratio (r= -0.33) (95 percent CI, -0.07 to -0.64) (p<0.05).
The ACT/ET ratio correlated with the FVC percent predicted (r=0.73, p<0.001) (linear regression) (Fig 2) . An ACT/ET ratio <0.32, indicative of elevated pulmonary arterial pressures, was shown only if the FVC was .60 percent predicted. The ACT/ET ratios among patients with mild moderate and severe restrictive ventilatory impairment were 0.42 ± 0.09, 0.29±0.11, and 0.22±0.04 (Table 2) . None of the patients with a mild restrictive defect, 8 of 12 (66 percent) with a moderate restrictive defect, and 4 of 4 (100 percent) with a severe restrictive defect had ACT/ET ratios indicative of elevated pulmonary arterial pressures (p<0.01 mild vs moderate and mild vs severe) ( Table 3) . DISCUSSION Irrespective of the etiology of interstitial lung disease, there is an accumulation of inflammatory cells that causes further injury and fibrosis.5 Fibrosis entraps segments of the pulmonary vasculature and infiltrates and compresses the vessels, leading to thrombosis of the vessels and subsequent fibrous organization.6 The pulmonary vessels may be compressed and obliterated.7 In pulmonary blood vessels far removed from areas of fibrosis, there are findings consistent with hypoxic pulmonary hypertension with thickening of the arterioles and muscularization of the vessels.8 The level of pulmonary artery hypertension usually reflects the severity of hypoxemia.5 Late in the course of disease, if hypoxemia becomes marked, severe pulmonary hypertension and right-sided heart failure occur.6
Disorders causing alveolar hypoventilation due to neuromuscular disorders or chest cage disorders are characterized by hypercarbia and hypoxemia.9 Hypoxic pulmonary vasoconstriction plays a major role in causing pulmonary artery hypertension.10 Cor pulmonale is common, and right ventricular failure is a major cause of death. 5 Previous literature in patients with a restrictive ventilatory impairment does not describe a relationship between the FVC and right ventricular enlargement. There is, however, concern over subtle enlargement of the right ventricle in patients with occupational pleuropulmonary disease. The relationship of right ventricular enlargement to the severity of the ventilatory impairment provides a useful guide for an assessment of the likelihood of cor pulmonale in such patients. The present study shows that patients with a restrictive ventilatory impairment, irrespective of whether it is primary lung disease or due to an impairment of the respiratory apparatus, show a close correlation of the FVC percent predicted with right ventricular enlargement. Right ventricular dilatation occurred only among patients with an FVC .57 percent predicted, and right ventricular thickening occurred only when the FVC was .56 percent.
In patients with diffuse interstitial lung disease, pulmonary arterial diastolic pressure increased hyperbolically as the FVC percent predicted decreased.7 Pulmonary artery diastolic pressures were normal in patients with an FVC between 50 to 80 percent predicted.7 Our data showed Doppler evidence of normal pulmonary artery pressure in patients with an FVC >60 percent predicted.
Two-dimensional echocardiographic measurements of the right ventricle have been compared with measurements obtained by ventriculography in 25 patients with normal right ventricles.2 The normal right ventricular area was 18.0 ± 1.2 cm2. Measurements were also made at autopsy from casts of the normal right ventricles of eight patients. A good correlation was observed (r=0.95) between the area obtained by 2-D echocardiography of the right ventricular casts and dimensions of the casts measured directly.2 Right ventricular mass was shown in an autopsy study of 1,500 human hearts to correlate with right ventricular area (r=0.78). 4 The ACT/ET ratio has been tested in 20 normal patients. The mean ACT/ET ratio was 0.41 (range, 0.32 to 0.56).1 An inverse linear relation between the ACT/ET ratio and the pulmonary artery mean pressure (r= -0.90) was observed in nine patients.12
In conclusion, right ventricular dilatation and increased right ventricular wall thickness and Doppler evidence of pulmonary hypertension were seen only in patients with a moderate or severe restrictive ventilatory impairment. These data may be applicable to the clinical assessment of the likelihood of subtle right ventricular enlargement in patients with occupational pleuropulmonary disease.
